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ABSTRACT
Grain surfaces play a central role in the formation and desorption of molecules in space. To form
molecules on a grain surface, adsorbed species trapped in binding sites must be mobile and migrate to
adjacent sites. Thermal hopping is a popular mechanism for the migration of adsorbed species when
the grain surface is warmed up by stellar radiation. However, previous studies disregarded the fact
that grains can be spun-up to suprathermal rotation by radiative torques (RATs) during grain heating
process. To achieve an accurate model of surface astrochemistry, in this paper, we study the effect of
grain suprathermal rotation by RATs on thermal hopping of adsorbed species on icy grain mantles.
We find that centrifugal force due to grain suprathermal rotation can increase the mobility of radicals
on/in the ice mantle compared to the prediction by thermal hopping, and we term this mechanism ro-
thermal hopping. The rate of ro-thermal hopping depends both on the local radiation energy density
(i.e., grain temperature) and gas density, whereas thermal hopping only depends on grain temperature.
We calculate the decrease in grain temperature required by ro-thermal hopping to produce the same
hopping rate as thermal hopping and find that it increases with increasing the diffusion energy and
decreasing the gas density. We finally study the effect of grain suprathermal rotation on the segregation
of ice mixtures and find that ro-thermal segregation of CO2 from H2O-CO2 ices can occur at much
lower temperatures than thermal segregation reported by experiments. Our results indicate that grain
suprathermal rotation can enhance mobility, formation, desorption, and segregation of molecules in
icy grain mantles.
Keywords: Astrochemistry, Interstellar dust extinction, Interstellar molecules, Young stellar objects,
Protoplanetary disks
1. INTRODUCTION
Water is essential for life, and complex organic
molecules (COMs, having more than six atoms) are con-
sidered the building block of life. To date, more than 200
different molecules, including water and COMs, were de-
tected in the gas phase of outer space, including the in-
terstellar medium (ISM), star-forming regions, and pro-
toplanetary disks. The remaining question is where and
how COMs form and return into the gas (see e.g., Caselli
& Ceccarelli 2012, Tielens 2013; Cuppen et al. 2017; van
Dishoeck 2017 for reviews).
Grain surfaces and ice mantles are believed to play a
crucial role in the formation of molecules, including H2,
H2O, and COMs (see e.g., Herbst & van Dishoeck 2009).
Grain surface chemistry in general involves four main
physical processes: (1) accretion of gas atoms/molecules
to the grain surface, (2) mobility of adsorbed species on
or in the ice mantle, (3) probability to form molecules
upon collisions, and (4) desorption of newly formed
molecules from the grain surface (see van Dishoeck
2017).
The rate of surface chemical reactions depends on
the mobility of adsorbed species on the grain surface
(Watson & Salpeter 1972; Hasegawa et al. 1992). Be-
cause species physically adsorbed to the grain surface
are trapped in a potential minimum, they cannot freely
migrate over the grain surface. Thus, to enable chemical
reaction, adsorbed species must receive some kinetic en-
ergy to overcome the diffusion potential barrier (Ediff)
such that they can migrate from one binding site to ad-
jacent ones. Thermal hopping due to heating of ice man-
tles by stellar radiation is a popular mechanism to in-
crease the mobility of adsorbed simple species (hereafter
primary radicals) and trigger surface chemical reactions
(e.g., Hasegawa et al. 1992). Primary radicals have low
Ediff such that the first stage of chemical reaction on the
grain surface is expected to occur during the warming
up phase by star formation when the grain tempera-
ture is increased from 10 K to Td > 20 K, forming sec-
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ondary radicals (see Herbst & van Dishoeck 2009 and
van Dishoeck (2017) for recent reviews). Subsequently,
when the ice mantle is heated to higher temperatures,
secondary radicals can react with primary radicals to
form more complex molecules, including COMs. For low
temperatures of Td < 15 K, the diffusion due to the tun-
neling quantum effect is more important than thermal
hopping (Watson & Salpeter 1972).
Star-forming regions and photodissociation regions
(PDRs) are also known to contain rich chemistry (see
e.g. Hollenbach & Tielens 1997). Most of COMs
are observed toward hot cores/corinos around young
stars. The popular scenario to form COMs in hot
cores/corinos involves three phases, cold, warm, and hot
phases (Herbst & van Dishoeck 2009). During the ini-
tial cold phase, COMs may first be formed in the cold
molecular core (Jimenez-Serra et al. 2016) but are frozen
in the icy grain mantle during the cloud collapse pro-
cess (zeroth-generation species). During the warm phase
upon star formation, the ice mantle is warmed up from
∼ 10 K to ∼ 100 K by protostellar radiation, which in-
creases the mobility of simple molecules frozen in the ice
mantle and finally form COMs (first-generation species;
see e.g., Garrod et al. 2008). During the hot phase where
icy grain mantles are heated to Td ∼ 100 − 300 K,
thermal sublimation of ice mantles (Blake et al. 1987;
Brown et al. 1988; Bisschop et al. 2007) can release rad-
icals (CH3OH, NH3), which trigger gas-phase chemistry
at high temperatures and form in-situ COMs (second-
generation species; see Charnley et al. 1992). Therefore,
the warm phase plays a key role for formation of COMs.
Previous studies on mobility, formation, and des-
orption of molecules assumed that grain surfaces are
at rest, which is contrary to the fact that grains are
rapidly rotating due to collisions with gas atoms and
interstellar photons (Draine & Lazarian 1998; Hoang
et al. 2010). In particular, interstellar dust grains are
known to be rotating suprathermally (i.e., grain angu-
lar velocities well above their thermal values, Purcell
1979). Suprathermal rotation is indeed required for ef-
ficient alignment of grains with magnetic fields (Hoang
& Lazarian 2016) in order to explain starlight polar-
ization and far-IR/submm polarized dust emission (see
Andersson et al. 2015 and Lazarian et al. 2015 for re-
views). Modern understanding of dust astrophysics re-
veals that dust grains of irregular shapes can be spun-up
to suprathermal rotation (with angular velocities larger
than thermal velocity) by radiative torques induced by
the illumination of an anisotropic radiation field (Draine
& Weingartner 1996; Lazarian & Hoang 2007a; Hoang &
Lazarian 2008; Hoang & Lazarian 2009; Herranen et al.
2019). Subject to intense radiation of protostars, dust
grains are simultaneously heated to high temperatures
and spun-up to extremely fast rotation. Although the
grain heating effect is well-known to be important for
mobility and desorption of molecules on the grain sur-
face (see e.g., Watson & Salpeter 1972; Tielens & Ha-
gen 1982), the effect of grain suprathermal rotation is
neglected. Moreover, grains can also rotate suprather-
mally as a result of mechanical torques induced by an
anisotropic gas flow (Lazarian & Hoang 2007b; Hoang
et al. 2018).
Hoang & Tram (2019) first studied the effect of
suprathermal rotation on the desorption of icy grain
mantles and introduced a mechanism called rotational
desorption. The proposed mechanism can disrupt the
ice mantle into tiny fragments, subsequently molecules
rapidly evaporate from the tiny ice fragments. Later,
Hoang & Tung (2019) considered the effect of suprather-
mal rotation on thermal sublimation of molecules from
intact ice mantles. The authors find that centrifugal po-
tential energy can lower the potential barrier for desorp-
tion defined by binding energy Eb such that molecules
can desorb from the ice mantle at temperatures much
below their sublimation threshold.
Since adsorbed species are trapped in a potential well
with an energy barrier of Ediff  Eb, the centrifugal po-
tential energy due to rotation can reduce the diffusion
barrier and assist thermal diffusion/hopping of species
over the grain surface. As a result, the mobility of
species is enhanced and the reaction rate is increased
accordingly. Within our effort to investigate the effect
of grain rotation on surface chemistry, in this paper,
we study the effect of suprathermal rotation on thermal
hopping of adsorbed species on/in the ice mantle.
The structure of the paper is as follows. In Sec-
tion 2 we consider the effect of grain rotation on ther-
mal hopping of adsorbed atoms/molecules and intro-
duce rotational-thermal hopping on the rotating grain
surface. In Section 3 we apply our ro-thermal hopping
mechanism for the case of grain suprathermal rotation
spun-up by radiative torques. In Section 4 we discuss
the effect of grain suprathermal rotation on the segrega-
tion of ice mixtures and environments where ro-thermal
hopping and segregation are important. The main find-
ings are summarized in Section 5.
2. RO-THERMAL HOPPING ON ROTATING
GRAIN SURFACES
We first introduce the physical model of ro-thermal
hopping of adsorbed molecules on rotating grain sur-
faces.
2.1. Icy grain model
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Figure 1. A schematic illustration of a core-mantle grain of
irregular shape spinning around the z-axis. The silicate core
is assumed to be compact, which is covered with a H2O-
dominated and CO-dominated ice mantles. A molecule of
mass m on the ice surface experiences the binding force Fb
and centrifugal force Fcen which are in opposite directions.
We consider a grain model consisting of a silicate core
covered with an ice mantle. This grain model is expected
for grains in star-forming regions because the ice mantle
forms on the grain surface during the cold phase where
the gas temperature is as low as 10 K (Whittet et al.
1983). Spectral absorption features of H2O and CO ice
are highly polarized (Chrysostomou et al. 1996; Whittet
et al. 2008), which requires the icy grain mantles to have
non-spherical shape and be aligned with magnetic fields
(see Lazarian et al. 2015 for a review). Nevertheless, we
can assume that the grain shape can be described by
an equivalent sphere of the same volume with effective
radius a. Figure 1 shows the illustration of the icy grain
mantle surrounding a grain core.
2.2. Accretion of gas species to grain surfaces
The accretion rate of gas species onto a grain surface
is given by
kacc = s〈v〉4pia2, (1)
where a is the grain radius, s is the sticking coefficient,
and 〈v〉 is the mean thermal velocity of the species.
The time interval between two successive landings of
a molecule on the grain surface is t−1acc = kaccn(A) where
n(A) is the gas density of species A (see, e.g., Caselli
et al. 1998).
When a gas species arrives on the grain surface, it
can be weakly attached to the surface due to van der
hopping
Energy Potential
tunneling
-Ediff
-Ediff+Ecen with rotation
without 
rotation
0
Figure 2. Schematic illustration for the diffusion of ad-
sorbed species from one catalytic site to adjacent site on the
grain surface by thermal hopping and tunneling effect with
and without grain rotation. Centrifugal force due to grain
rotation reduces the diffusion barrier and enhances the dif-
fusion of adsorbed species.
Waals force. This is called physiochemical sites, and the
binding energy is low about 0.01 eV. When the distance
to the surface is reduced, the chemical bonding starts
to act and the binding energy is larger up to 1 eV. For
grains in star-forming regions, only physiochemical sites
exist on the icy grain mantle.
Let Ns = 4pia
2σs be the total number of catalytic sites
on the grain surface of radius a, where σs is the surface
density of active sites. Experimental value gives σs ∼
2× 1014 cm−2, which yields Ns = 105 for a = 0.1µm.
2.3. Ro-thermal hopping
Adsorbed species on the grain surface can migrate on
the grain surface through hopping and tunneling (see
e.g., Tielens & Hagen 1982). Figure 2 describes the dif-
fusion of adsorbed species from a potential well (surface
site) to an adjacent one due to thermal hoping and tun-
neling. The tunneling effect is important when the sur-
face temperature is low (i.e.,Td < 10 K), and thermal
hopping dominates when the grain is heated to higher
temperatures of Td > 10 K (Tielens 2007).
Previous studies disregarded the effect of grain ro-
tation on thermal hopping of adsorbed species on the
surface. Thereby, the timescale of thermal hopping is
described by (Watson & Salpeter 1972):
thop,0 = ν
−1
0 exp
(
Ediff
kTd
)
, (2)
where Ediff is the potential energy barrier between ad-
jacent surface potential energy wells of accreted species.
Typically, the potential energy barrier Ediff ≈ 0.05 −
0.5Eb where Eb is the binding energy of the molecule
to the grain surface (Hasegawa et al. 1992). Here, the
characteristic frequency is given by
ν0 =
(
2σsEb
pi2m
)2
, (3)
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Table 1. Binding energies of selected radicals on an ice
surface.
Molecules Eb/k (K)
a Molecules Eb/k (K)
a
CO 1150 CH3CO 2325
CH3 1175 COCHO 2750
CH4 1300 HNCO 2850
NH 2380 CH3NH 3554
CH3O 2500 CH3OCO 3600
OH 2850 HNCHO 3978
NH2 3960 N2H2 4756
CH2OH 5080 CH3ONH 4828
H2O 5700 NH2CO 4506
CO2 2575 COOH 5120
a See Tables 1 and 2 in Garrod et al. (2008)
where m is the mass of adsorbed species (Tielens & Ha-
gen 1982). Thus, one has ν0 ∼ 1012 − 1013 s−1.
Taking into account the effect of grain suprather-
mal rotation, the diffusion barrier potential is reduced.
Thus, the timescale of ro-thermal hopping is reduced to
thop,rot = ν
−1
0 exp
(
Ediff −m〈φcen〉
kTd
)
= thop,0 exp
(
−m〈φcen〉
kTd
)
, (4)
where 〈φcen〉 is the centrifugal potential as averaged over
the grain surface (Hoang & Tung 2019):
〈φcen〉 = ω
2a2
3
. (5)
The rate of thermal hopping and ro-thermal hopping
is given by khop,i = 1/thop,i for i = 0 and rot for non-
rotating and rotating grains. Therefore, Equation (4)
can be rewritten as
khop,rot = khop,0 exp
(
m〈φcen〉
kTd
)
. (6)
Equation (6) reveals that the hopping rate increases
with increasing the mass of the adsorbed species. There-
fore, heavier species are more mobile than light species
if the centrifugal potential φcen is comparable to the dif-
fusion barrier potential. This is contrary to the case of
non-rotating surfaces where light species are more mo-
bile than heavy ones due to their lower Ediff .
Table 1 shows the binding energy of primary and sec-
ondary radicals where Eb = 2Ediff using the data of Ediff
from Table 1 and 2 from Garrod et al. (2008).
2.4. Temperatures of ro-thermal hopping
Let Thop,0 be the hopping temperature of adsorbed
species on the grain at rest, i.e., ω = 0. The hopping
temperature on a rotating grain is denoted by Thop,rot.
To quantify the effect of grain rotation on thermal
hopping, we compare the grain temperature that is re-
quired to produce the same hopping rate from a non-
rotating grain which corresponds to thop,0(Thop,0) =
thop,rot(Thop,rot). Thus, one obtains
Thop,rot =
(
1− m〈φcen〉
Ediff
)
Thop,0. (7)
The effect of grain rotation reduces the sublimation
temperature as given by
Thop,0 − Thop,rot
Thop,0
=
(
m〈φcen〉
Ediff
)
=
(
ma2ω2
3Ediff
)
(8)
'0.15a2−5
( ω
109 s−1
)2( m
m(CO2)
)(
1000 K
(Ediff/k)
)
,
where a−5 = a/(10−5 cm).
2.5. Surface chemical reaction
Let N(A) and N(B) be the number of A and B species
on the grain surface. Both species move on the grain
surface and react upon encounters, which is known as
the Langmuir-Hinshelwood mechanism. The reaction
rate for species A is given by (see e.g., Herbst et al.
2005; Cuppen et al. 2017)
dN(A)
dt
= −κkABN(A)N(B), (9)
where kAB is the reaction rate coefficient between A and
B species as given by
kAB =
kAhop + k
B
hop
Ns
, (10)
and κ is the probability of reactions upon encounters.
Here the rate at which species scan the entire surface
is kscan = khop/Ns, i.e., the timescale to scan the entire
surface of Ns sites is equal to tscan = Nsthop where thop
is the hopping time from one site to an adjacent site.
Including both the accretion and desorption of species
into Equation (9), one obtains the net reaction rate:
dN(A)
dt
= kAaccn(A)− κkABN(A)N(B)− kAdesN(A),(11)
where n(A) is the number density of species A in the
gas phase, kdes is the desorption rate of species A.
Following Hoang & Tung (2019), the rate of ro-
thermal desorption in the presence of grain rotation is
given by
kdes,rot = kdes,0 exp
(
m〈φcen〉
kTd
)
, (12)
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where kdes,0 is the thermal sublimation rate without
grain rotation as given by
kdes,0 = ν0 exp
(
− Eb
kTd
)
. (13)
3. RO-THERMAL HOPPING BY RADIATIVE
TORQUES
Now we apply our theory in the previous section for
the case in which grains are spun-up to suprathermal
rotation by radiative torques.
3.1. Centrifugal potential due to radiative torques
Consider dust grains of irregular shape illuminated by
a radiation field of anisotropy degree γ, mean wave-
length λ¯, and radiation energy density urad. Such ir-
regular grains experience radiative torques (RATs) due
to differential scattering and absorption by anisotropic
radiation, which can spin-up the grains to suprathermal
rotation (Draine & Weingartner 1996; Hoang & Lazar-
ian 2008; Hoang & Lazarian 2016). The grain rotation is
damped due to collisions with gas species and emission
of infrared photons (see e.g., Hoang et al. 2019). As a
result, the maximum rotation rate spun-up by RATs for
an irregular grain of effective size a is given by (Hoang
2019):
ωRAT'9.6× 109γa0.7−5λ¯−1.70.5
×
(
U
nHT
1/2
2
)(
1
1 + FIR
)
rad s−1 (14)
for grains with a . atrans = λ¯/1.8, and
ωRAT'1.8× 1011γa−2−5λ¯0.5
×
(
U
nHT
1/2
2
)(
1
1 + FIR
)
rad s−1 (15)
for grains with a > atrans where atrans denotes the grain
size at which the RAT efficiency changes between the
power law and flat stages (see Lazarian & Hoang 2007a;
Herranen et al. 2019). Here, λ¯0.5 = λ¯/(0.5µm), nH is
the hydrogen density, Tgas is the gas temperature with
T2 = Tgas/100 K, FIR is the dimensionless parameter de-
scribing the grain rotational damping by infrared emis-
sion (Draine & Lazarian 1998; Hoang et al. 2010), and
U = urad/uISRF with uISRF = 8.64× 10−13 erg cm−3 be-
ing the radiation energy density of the standard inter-
stellar radiation field (ISRF) in the solar neighborhood
(Mathis et al. 1983; Hoang et al. 2019).
Equations (14) and (15) reveal that the grain rotation
rate depends on the physical term U/nHT
1/2
gas and FIR,
which reflects the balance between spin-up by RATs and
damping by gas collisions and IR emission.
Plugging ωRAT into Equation (5), one obtains the cen-
trifugal potential due to grain rotation as follows:
m〈φcen〉'0.02γ2a3.4−5λ¯−3.40.5
(
m
mCO
)
×
(
U
nHT
1/2
2
)2(
1
1 + FIR
)2
eV (16)
for a . atrans and
m〈φcen〉'6.0γ2a−2−5λ¯20.5
(
m
mCO
)
×
(
U
nHT
1/2
2
)2(
1
1 + FIR
)2
eV (17)
for a > atrans.
The centrifugal potential increases rapidly with the
grain size as a3.4 until a = atrans (Eq.16) and with the
radiation strength as U2. Thus, the centrifugal potential
is important for strong radiation fields.
Using the centrifugal potentials (Eqs. 16 and 17) one
can calculate the rate of ro-thermal hopping (Eq. 6) and
the temperature threshold for ro-thermal hopping (Eq.
7).
Note that individual molecules can be directly ejected
by centrifugal forces when the rotational rate is suffi-
ciently high. Following Hoang & Tung (2019), the crit-
ical radiation strength for the direct ejection is given
by
Uej ' 0.8nHT 1/22 (1 + FIR)
λ1.70.5
γa1.7−5
(
(Eb/k)
1300 K
mCO
m
)1/2
(18)
for a . atrans, and
Uej ' 0.04nHT 1/22 (1 + FIR)
λ1.70.5a−5
γ
(
(Eb/k)
1300 K
mCO
m
)1/2
(19)
for a > atrans.
3.2. Numerical Results
3.2.1. Ro-thermal hopping versus thermal hopping
For numerical results, we will consider a wide range of
parameter space with gas density nH ∼ 102 − 106 cm−3
and the radiation strength U ∼ 102−106, which reflects
various astrophysical environments from PDRs, to cir-
cumstellar disks, to hot cores/corinos of star-forming
regions. The corresponding grain temperature is es-
timated by Td ' 16.4a−1/15−5 U1/6 for silicate grains
(Draine 2011), which is appropriate for silicate core-
ice mantle grains considered in this paper. Assuming
a thermal equilibrium between gas and dust, so that
Tgas = Td.
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We consider both simple molecules (primary radicals)
frozen onto the ice mantle and products resulting from
the reaction of primary radicals on the grain surface
(hereafter secondary radicals, see Table 1). We assume
Ediff = 0.5Eb for our calculations.
Figure 3 shows the rate of ro-thermal hopping of pri-
mary radicals as a function of the incident radiation
strength U for the different molecules from simple radi-
cal to more complex molecules for the different gas den-
sities nH. The grain temperature is shown in the upper
horizontal axis for convenience. The rate of thermal
hopping (without rotation) is also shown for compari-
son. We can see that the ro-thermal hopping depends
closely on the local gas density, whereas thermal hop-
ping depends only on the local radiation strength (grain
temperature). Ro-thermal hopping is always dominates
over thermal hopping, and the effect increases with de-
creasing the gas density. Even at a high density of
nH = 10
6 cm−3, the ro-thermal hopping is still dominant
over thermal hopping for U > 3× 104 (Td > 100 K).
Figure 4 shows the rate of ro-thermal hopping as a
function of the radiation strength for secondary radicals.
The similar trend is observed where the ro-thermal hop-
ping rate is much larger than that of thermal hopping.
We are interested in popular molecules detected in
hot cores, including formic acid (HCOOH), methyl-
formate (CH3COOH), ethanol (C2H5OH), dymethyl
ether (CH3OCH3), acetone (CH3COCH3), ethylene-
glycol (CH2OH)2, and glycoaldehyde (CH2OHCHO).
These complex molecules may be formed via the fol-
lowing chemical reactions (see Garrod & Herbst 2006):
OH + H2O→ HCOOH, (20)
OH + CH3CO→ CH3COOH, (21)
CH3 + CH2OH→ C2H5OH, (22)
CH3 + CH3O→ CH3COCH3, (23)
OH + CH2OH→ (CH2OH)2, (24)
HCO + CH3CO→ CH2OHCHO, (25)
Figure 5 shows the reaction rate of selective radicals
given by Equations (20)-(25. As we see, at the same
temperature of Td ∼ 50 K, the reaction rate of rotating
grains is much larger than that of grains at rest if the
local gas density is nH < 10
5 cm−3. Only in dense re-
gions but low radiation field (i.e., nH ≥ 105, Td < 50 K),
the effect of ro-thermal hopping is negligible.
3.2.2. Temperature thresholds of ro-thermal hopping
We first calculate the temperature threshold of ther-
mal hopping Thop,0 = Ediff/20 for which by the hopping
rate t−1hop,0 ∼ 104 s−1 for ν ∼ 5 × 1012 s−1. These rates
are chosen such that adsorbed species can scan the entire
grain surface during a time of 104yr, which is compara-
ble to the evolution stage of star-forming regions. The
temperature threshold of ro-thermal hopping which is
required to achieve these rates is given by Equation (8).
Figure 6 shows ∆T = |Thop,rot−Thop,0| as a function of
the diffusion energy (Ediff) for the different molecules,
assuming the different gas densities. The effect of ro-
thermal hopping is more important for lower gas densi-
ties. Ro-thermal hopping is also more efficient for ad-
sorbed molecules with higher binding energy where ro-
thermal hopping can occur at more than 100 K lower
than the thermal hopping. The efficiency of ro-thermal
hoping is more efficient for stellar photons of λ¯ = 0.5µm
but less efficient for reddened photons with λ¯ = 1.2µm
because the grain rotation rate from RATs decreases
with the wavelength (see Eq. 14). Even at high gas
densities of nH = 10
5 cm−3, ro-thermal hopping can still
occur at temperatures lower than thermal hopping.
4. DISCUSSION
4.1. Importance of grain suprathermal rotation for
surface astrochemistry
Grain surfaces play a key role for the formation and
desorption of complex molecules (e.g., COMs) in astro-
physical environments. To form molecules, adsorbed
species must migrate between binding sites on the grain
surface. Subsequently, resulting new molecules must be
desorbed from the ice mantle to the gas phase. Thermal
hopping is widely thought to be an important mech-
anism for the mobility of molecules on the ice mantle
in star-forming regions where grains are warmed up by
stellar radiation.
In this paper, we showed that, subject to strong stellar
radiation, grains can be spun-up to suprathermal rota-
tion, such that the energy diffusion barrier of adsorbed
species is reduced due to the contribution of centrifu-
gal energy. As a result, the rate of thermal hopping on
suprathermally rotating grain surfaces is much higher
than that on grain surfaces at rest. We term this mech-
anism ro-thermal hopping. Combining the increased ro-
thermal hopping with ro-thermal desorption (Hoang &
Tung 2019) due to grain suprathermal rotation, the rate
of formation of molecules on rotating surfaces is found
to be much higher than predicted by thermal hopping
on non-rotating grains.
We note that, in the current paradigm of surface astro-
chemistry, the temperature of grain surfaces heated by
local radiation fields controls the mobility of absorbed
species, formation, and desorption of molecules. Here we
found that the gas density nH is a crucially important
physical parameter because it determines the ultimate
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Figure 3. Rate of ro-thermal hopping of primary radicals as a function of the radiation intensity for different molecules,
assuming the gas density nH = 10
2− 106 cm−3, a = 0.2µm and λ¯ = 1.2µm. Ro-thermal hopping is faster than thermal hopping
due to grain suprathermal rotation. The vertical lines show the threshold of the radiation strength at which the direct ejection
of molecules by centrifugal force occurs.
energy barrier that adsorbed species must overcome as
due to the effect of centrifugal energy induced by RATs.
4.2. Implication for segregation of ice mixtures
Infrared observations toward cold pre-stellar cores
show that most CO2 ice is mixed with H2O ice, and
CO2 and CO ice are the two separate layers. Therefore,
CO2 and H2O ice are thought to form simultanouesly
and exist in the mixture of CO2-H2O ices (see Fayolle
et al. 2011). Yet, observations show the segregation of
CO2 from H2O ices toward protostellar regions (Pon-
toppidan et al. 2008). The authors suggested that the
segregation of CO2-H2O ices arises from radiative heat-
ing of the ice mantle to above 50 K by protostars that
causes the diffusion of CO2 molecules in the ice mantle.
Experiments in Hodyss et al. (2008) observed the onset
of the segregation in H2O:CO2 ice mixtures at tempera-
tures of Td ∼ 60 K. Experiments by O¨berg et al. (2009)
observed ice segregation at Td ∼ 40 − 60 K, which is
explained by means of thermal diffusion.
Thermal processing is thought to play a key role in
segregation and crystallization of ices (see Boogert et al.
2015 for a review). The rate ro-thermal diffusion (i.e.,
segregation) of molecules in the ice mantle is described
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Figure 4. Same as Figure 3 but for secondary radicals. Ro-thermal hopping is faster than thermal hopping due to grain
suprathermal rotation.
by the same diffusion equation where Ediff is replaced
with the segregation energy Eseg:
kseg,rot = kseg,0 exp
(
m〈φcen〉
kTd
)
, (26)
where
kseg,0 = ν0 exp
(
Eseg
kTd
)
. (27)
The energy barrier for the segregation is uncertain,
but it is expected to be higher than the diffusion barrier.
Here one adopts Eseg = 0.7Eb as in Garrod (2013).
In Figure 7, we show the rate of ro-thermal segre-
gation for H2O and CO2 in the icy grain mantle of
size a = 0.2µm, assuming the radiation spectrum of
λ¯ = 0.5µm (left panel) and λ¯ = 1.2µm (right panel).
First, for a given grain temperature, the diffusion rate
of CO2 is much larger than that of H2O, which implies
the segregation of these two species over time. Second,
thermal diffusion of CO2 is negligible (kseg,0 < 1) when
the grain temperature is Td < 80 K, but the rate of ro-
thermal segregation can be efficient even at low temper-
atures of Td < 50 K for nH < 10
4 cm−3. Moreover, since
m(CO2) ≈ 2.45m(H2O), the rate of ro-thermal segre-
gation of CO2 is larger than that of H2O due to the
increase of centrifugal energy with the molecule mass.
The ro-thermal segregation can induce the crystalliza-
tion of CO2 and H2O ice at lower temperatures than ob-
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Figure 5. Rate of chemical reaction due to ro-thermal hopping between primary radical (A) and secondary radical (B),
t−1hop,rot = t
−1
hop,rot(A) + t
−1
hop,rot(B), as a function of the radiation intensity for the different molecules, assuming the different
local gas densities. Ro-thermal hopping is faster than thermal hopping due to grain suprathermal rotation.
tained by experiments (Hodyss et al. 2008; Fayolle et al.
2011).
Future high resolution observations by James Webb
Space Telescope (JWST) would be useful to quantify
the location of ice segregation and understand the un-
derlying physics (Boogert et al. 2015).
4.3. Expected environments for ro-thermal hopping
From Figure 3 it shows that the ro-thermal hopping
is most important in regions where U/nH > 0.1. There-
fore, in PDRs where G0/nH ∼ 0.1− 1 (see e.g., Tielens
2007; Hollenbach & Tielens 1997; Esplugues et al. 2016),
ro-thermal hopping appears to be important. Similarly,
the ro-thermal hopping effect is expected to be impor-
tant in regions with strong radiation fields such as hot
cores around massive protostars (see Hoang & Tram
2019), surface and intermediate layers of protoplane-
tary disks. Moreover, the structure of astrophysical en-
vironments is unlikely homogeneous and tends to have
clumpy structures with the different densities. As a re-
sult, ro-thermal diffusion and segregation can then occur
at lower temperature if the local density is low.
In the classical grain surface chemistry, the formation
of COMs is controlled by the time of warming-up phase.
If the time is short, it is not sufficient for molecules
to form COMs via slow thermal hopping process. Our
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Figure 6. Difference in the temperature threshold of ro-thermal hopping and that of thermal hopping, ∆T = |Thop,rot−Thop,0,
as a function of molecule binding energy for a = 0.1µm and a = 0.2µm assuming the radiation spectrum of λ¯ = 0.5, 1.2µm.
The difference increases with increasing Ediff and with decreasing the gas density.
ro-thermal hopping and ro-thermal desorption can form
COMs faster, which requires shorter warming-up phase.
Therefore, the accurate physics of molecule formation is
unique to constrain the rate of cloud collapse and star
formation.
The effect of ro-thermal desorption (Hoang & Tung
2019) and rotational desorption (Hoang & Tram 2019)
can release saturated species such as H2O, CH3OH,
NH3, at temperatures below their sublimation limits.
Those evaporating species can trigger rich gas-phase
chemistry in warming-up phase (see e.g., Tielens 2013).
Finally, we note that the ro-thermal hopping and seg-
regation depend crucially on the grain angular velocity
because φcen ∝ ω2/Td. Therefore, the effect can be ef-
ficient whenever grains can be spun-up to suprathermal
rotation, such as by mechanical torques due to gas flows
and irregular grains (Lazarian & Hoang 2007b; Hoang
et al. 2018) and pinwheel torques (Purcell 1979). In
this regime, the grain suprathermal rotation dominates
the mobility of adsorbed species, formation, segregation,
and desorption of newly formed molecules even when the
ice mantle is cold. A detailed study of this regime will
be presented elsewhere.
5. SUMMARY
In the present paper, we have studied the effect of
grain suprathermal rotation by radiative torques on hop-
ping and segregation of molecules in the ice mantles.
Our principal results are summarized as below:
1. We studied the effect of grain suprathermal rota-
tion on the thermal hopping of adsorbed species
on the grain surface. The thermal hopping in the
presence of rotation is called ro-thermal hopping.
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Figure 7. Rate of ro-thermal segregation vs. thermal segregation of CO2 (solid lines) and H2O (dotted lines) for the different
gas densities.
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2. Using the rotation rate of grains driven by RATs
due to anisotropic radiation, we found that the
rate of ro-thermal hopping is much larger than
that of thermal hopping. Thus, the effect of grain
suprathermal rotation plays a vital role in the for-
mation and desorption of more complex molecules
in star-forming regions.
3. We found that the mobility, formation, and des-
orption of molecules from ice mantles do not only
depend on the grain temperature, but also on the
local gas density because the grain suprathermal
rotation is determined by the radiation intensity
and rotational damping by gas collisions. There-
fore, to achieve an accurate understanding on the
physical and chemical properties using molecular
tracers, one needs to look for detailed modeling of
grain rotational dynamics and surface chemistry
combined with observational data.
4. We studied the effect of grain suprathermal rota-
tion on ice segregation and found that the segre-
gation of CO2 from H2O ice mixtures can occur
at lower temperatures than predicted by classical
thermal diffusion, depending on the local gas den-
sity. We expect that grain suprathermal rotation
also plays an important role in the crystallization
of ice.
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